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Conclusions of research done so far indicate that:

1. Many HVAC systems are not performing as designed.
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enough:

3. Pneumatic actuators should be retained, when possible.,
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control, can significantly reduce operating costs:

7. The prototype retrofit control panel developed by USA-CERL should provide both
reliability and cost savings.
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This research was conducted at the U.S. Army Construction Engineering Research
Laboratory (USA-CERL) with funds provided by the Department of the Army (Office of
the Assistant Chief of Engineers) and the Department of Energy (DOE). The Army
portion of the funding came from Project 4A762781AT45. "Basic Research in Military
Construction": Task B, "Energy Systems": Work Unit 002, "Retrofit Control Systems for
Energy Conservation." The DOE portion of the funding came under IAO DE-A102-
83CE30802 dated 22 September 1983.

Dr. Douglas C. Hittle and Dr. David L. Johnson of USA-CERL's Energy Systems
Division (ES) were the Principal Investigators. Mr. B. Wasserman, DAEN-ZCF-U, was
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SUMMARY OF USA-CERL RESEARCH especially when control systems were complex. As a
ON CONTROL OF HEATING, result, the solar energy systems failed to save energy
VENTILATING, AND AIR-CONDITIONING because conventional HVAC control components were
SYSTEMS imprecise and unreliable.'

In another project, USA-CERL built a full-scale
4HVAC system and incorporated precision sensors for

INTRODUCTION performance measurements. Although the purpose of
the experiments with the HVAC system was to meas-
ure the energy performance of the system and its

Background components, the measurements revealed that some
The large increase in fuel prices and the need to cut control components performed poorly. Despite visits

costs has motivated the Army to conserve energy at its from the manufacturer's engineers, the control com-
installations. This has prompted military planners to ponents continued to perform far below the expected
seek methods that will decrease the Army's energy use level. In fact, the test revealed that the set points
as much as possible, while retaining the quality of its maintained by the controls would gradually change
programs. from the original value and eventually move the

controlled device (rodulating values of air dampers)
Heating and cooling buildings consume a large to a maximum or minimum position. As a result, the

percentage of the Army's energy. Therefore, recent system was operating "out of control" and consuming
goals have been to improve and devise systems that will more energy than needed to heat or cool the building.
make both new construction and present buildings as Although the controls were recalibrated several times
energy-conservative as possible. by USA-CERL and the manufacturer's servicemen.

they would continue to drift out of calibration.
Research has shown that one of the areas needing

improvement is heating, ventilating, and air-conditioning The controls in the test facility were specified and
(HVAC) controls. Widespread failures of these devices installed in much the same way as those used for Army
to perform properly have caused building energy con- buildings. Also, the brand and model of the components
sumption to be much higher than necessary. Therefore, were known to have been widely used across the
there was a need to find ways of correcting these country. Thus, the laboratory results indicated that
failures, many HVAC systems in Army buildings may be

consuming excessive amounts of energy. Information
One of the energy research programs conducted by obtained from engineers in the field revealed that

the U.S. Army Construction Engineering Research controls are a major problem at Army installations.
Laboratory (USA-CERL) has been an investigation into The publication of the experimental results in the
why these HVAC controls have failed and to devise ASHRAE JournalP (see Appendix) attracted nation-
new technology to prevent such failures in the future. wide attention; many engineers from both the Army

and the private sector contacted USA-CERL to in-
Purpose dicate their negative experience with many HVAC

The purpose of this report is to summarize USA- control systems.
CERL's research to date on improving HVAC controls.

ID. L. Johnson and D. M. Joncich, Procedures for Accept-
2 PROBLEM ANALYSIS once Testing of Solar Energy Sy-stems. Technical Report

E-192/A141839 (U.S. Army Construction Engineering Re-
search Laboratory IUSA,'CERLI, April 1984).

Field and laboratory research activities conducted 'William Dolan, Validation Data for Mechanical Sr'stem
by USA-CERL have indicated the severity of problems Algorithms Used in Building Energy Analysis Programs. Tech-

nical Report E-177/ADA115182 (USA'ERL. February
with IIVAC controls. One of these activities was 1982).
evaluating the performance of solar energy systems 'D. C. Hittle. et al., "Theory Meets Practice ina I ul-Scale
applied to a variety of Army buildings. While many Heating. Ventilating. and Air-Conditioning Laboratory,"
problems were associated with this new technology. ,4SHRAE Journal (American Society of treating. Retrigeating.
one of the most pervasive was control system failure, and Air-Conditioning Lngineers. November 1982).
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Based on field and lab obscrvatiois arid the leaction malfunctions which lead to occupant discomfort
of field practitioners to the preliminary results, it was require action from the maintenance staff. The most
determined that problems with control systems in conmmon response is to disconnect much of the equip-
heating and air-conditioning systems were severe and ment designed to improve system efficiency arid to
widespread, justifying a major research effot~. Ihis simplify the system by reconfiguring it to peiionrm
research was examrined at a meeting held to discuss basic heating and cooling functions more reliably. For
the responsiveness of upcoming products froni USA- example, field personnel often disconnect enthalpy-
CERLs overall energy research program to military based economy cycle controls within 6 ,nniths of
needs. Potential users of the research attending tile start-op, either because they have failed completely or
ineting included representatives from the Directorate because they require frequent and difficult calibration.
of Engineering and lousing, the majoi commands
(Training arid Doctrine Command ITRADOCI. Forces
Command [FORSCOMJ. and Development arid -Many IIVAC control systems being used at military

facilities are too coiplex. unreliableenergy-inefficient.teniers OC E) aid th ArOmynieyOffe. hef difficult to maintain, and poorly documented. This~ f ' E n g in e e r s ( O C |- ) , a rd t i he A r m y E n e r g y O f f ic e . T h e p o l m i o s c e . A r c n i o c u v ) 4 odiscussion of I IVAC" system controls research prompt- problemr is no secret. A recent Air Force survey 4 of
discssin o' HAC ystm cntrls eserchpropt- maintenance personnel from various Air Force instal-

ed a vigorous response from these representatives.
Both FORSCOM and TRADOC later indicated that the lations summarized the maintenance staffs impression

of heating and air-conditioning systemls ais follows:area of "'upgrading existing control systems" was their ofbaigndircdtoigsstm asolw:area(it*'Ugraingexitin cotro sytem" ws teir "'The typical IIVAC system in the'USAF is iii a total
highest energy research priori Other groups have also tae typica an syste in at isiata- ~slate of disarray, and our techiniciants are ill-equipped
recognized the severity of the problems with control
systems. including the Air Force. Navy, Department to remedy the probleu.
oft Energ . arid ASIIRAE.

LSA-CERL next focused on identifying the causes
of the IIVAC control problents, beginning with ar, RESEARCH OBJECTIVE
analysis of current design practice. Designers frequent- AND APPROACH
lV specify control conponen ts, but give only general
descriptions of the functions they will provide. The
specitications do not give quantitative performance The objective of USA-(ERL's research is to develop
requirements for control components or systems. They control systems, especially for ietiolol applications.
have also devised complex control strategies for heating that are simple. efficient. reliable. maintainable, and
and cooling systems with the intent of mininizing well-documented.
ei ergy consunption. Sales engineers front control con-
panics often provide details of the control system
design. Their goal is to provide a system at the lowest (1) re e a i on. ( ntree n m a e
first cost in order to be competitive. Often. however. (I) cotponent evaluation. (2) control loop iple-
the limited performance of these components makes nentation, aid (3) system applications. Figure 1
implementation of tile designed complex control shows tile schedule arid Table I shows the list of
strategies unsuccessful, deliverables.

These systems are maintenance-intensive, atid FE Laboratory and field studies to evaluate HVAC
staff often do not have tie skilled manpower needed control components will focus on identifying a level
to make then perform as designed. Since detailed, of perfornance that can he expected from "typical"
systens-specific maintenance instructions are rarely IIVAC control equipment in use today. Control
provided during design and construction of buildings, equipment more commonly used in process industries
maintenance burdens become very onerous. Also, will be evaluated to determine its applicability io
the diagnostic equipment (i.e.. gauges, meters, etc.).
needed by maintenance staff to identify equipment
and system failures is olten either not provided or ismalfnctonig. R. L. Schuttz and T. M. Kt.nna,- An In resti~ation inmto /he'
malftnctioning. Operation and Maiteance of Heating. entilating. and Air.

CodiionJmig Srtstms iii the Init'd State Air Ioree (Schoot
Control system tialtfunctions which lead to energy of ('ivil Engineering, Air Force Instilute of Tectirnoloy.

inefficiency usually go undetected. Oin the other hand. Wright-Palteron AtB, Oil, November 1982).
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RESEARCH AREA FY83 FY84 FY85 FY86

I. COMPONENT EVALUATION
ELECTRONIC-TO-PNEUMATIC TRANSDUCERS
PERFORMANCE OF HVAC GRADE PNEUMATIC -
CONTROL EQUIP.
PERFORMANCE OF AIR FLOW CONTROL UNITS C5

MODERN ELECTRONIC CONTROLLERS
ELECTRONIC ACTUATORS FOR DAMPERS & VALVES

II. CONTROL LOOP IMPLEMENTATION
PI CONTROL OF VAV FANS
MIXED AIR CONTROL
ROOM TEMPERATURE CONTROL
CONTROL OF HEATING AND COOLING COILS -
STEAM CONVERTER AND SMALL BOILER LOOPS i

111. SYSTEM APPLICATIONS
COST BENEFIT OF RETROFIT
FIELD SURVEY - _ -
CONTROL DYNAMICS
USER'S GROUP MEETINGS FOR HVAC CONTROLS - ;I

SYSTEMS APPLICATION GUIDE i -
INDUSTRY ADVISORY GROUP IPERSUADE INDUSTRY
TO "SELL" CONTROL CONCEPTS DEVELOPED AT USA-
CERL WITH THEIR CO-OPERATIONI

KEY -G = DELIVERABLE
SEE TABLE I

= INTERIM TECHNICAL REPORT
= FIELD DEMONSTRATIONS BEGIN

Figure 1. Projected schedule HVAC controls retrofit.

7



Table I it' it is reliable and accurate enough for effective

List of Deliverables cnrl

1. raf HN FIS Bllein,"I"1C~ronc-t-Pnunitic 3. Electronic to pneumatic transducers. These
I. r~ii 'N.IIR ulein tcroirr-neria components provide a key link between modern

electronic (and digital) controllers and existing pneu-
2 Draft ETh. "Pretinind,) Performance Asses.sment ot matic actuators for valves and dampers.

H%'A( Griade Pneumnatic Control Equipmenlt"

4. Performance of air flow components. The
3 trai I T%. Pirtiinance ori H% A( Grade Pneumatic performance of variable air volume boxes a- I various

(orii.,t quimcnidampers must be characterized to (a) determine

4 tDiAlt I T%, t IRS bulki In. "An I-km, Contirtl Ukvc* which characteristics lead to reliability and (b) identify
how these devices impact systemi controllability.

ial t I I-V i IRS bulletin, I 1Itir-ic ( oniriollctr
.Ii.. I Tt I COWi,,nIL ( 411tro1IrS' flmir I rh.iig 4 5. Flectronic actuators for valves and dampers.
aiiW. These components can be directly linked to modern

6 Ixl kj I S lein, ApikIN~ , electronic and digital electronic controllers.

( ontrol components are combined to provide in-
1), 4!T I t % 1IRS biutiri PT..P.'Ti-n.i ius Inlicitri dioidual HiVAC system control loops (for example,

I'l 11 % I Anb fle onrilol ti'the discharge temperature fromt a

4 tp, It1% Wied Arr ( nit-1 .' i heating coil). Several subsystem control
lop re being studied to determine the best way to

4 t"' % R.'urn Yimp"rarui. I ahwsjnce accurate control where accuracy is needed.

fitI luar I 11% ( ili -I Hetjil Andt ofIn. ~ire the suh% stemn control loops being studied
Are

I t t i en t nrol ot at riahle-vol une tans.
DAtiI I f\ 0. itt* iria n Is~.

anslutcs s sicin aid um, of riJ n .IV Al ( ie.. iorrdoc'r arid return air
rianet deircoped a I I. SA 4 I It Li 4. I ' 101I

13. Draft I-TN. Reut 1I ted Sulrss L' 1 .-iw temper ature cont ol

14. Draft ETN.Dyai M Hk,Ss 41c % wir 1' 4 1I#C te. ise in'trl1 it 1tIng 31nd LOOling Coils.

15. Users Group Meetings ,It steim consetrer arid small boiler

16. f~raft TM. HFVAC Corntrol S stens iArrfi-a b I. .iki %% StiC1is

dr.. isions to CEGS and dtift I Tss and 1 11
11 A~~ t o %stemn% consist of- individuial corn-

HVAC control problemts. Samne %pectih, -ml-wr j mtIWW LITICeted Ini %eni-iiidepetident in div idual

to be assessed are: "q.10p iiethe iserall s,*stem control.
t~n~s lim appli..atrins tesealcli emishasi,'es an inl-

1. Typical IIVA( glade pneilatll -in-4. -i -eiuirin - the, pealherliuailce tit heating and
1.1 -W, it . els Spe% ulcalls . I SA-C L.RL is

inerit. P'eICIInIIarN ~ ePIIIIiiPT' W it IX15rr ' hreo i simlusllA cnto
of IIVA( gladle 'Plreriri.tz. teivirilc.itiv A11%6ill Ai.ii''~ft f %iio sIV C o to

ai receiser cainftrilets tiasr t*ri om'iplefed The Owri' iics arid ffic di uamics 4t combuining

S fl", 'I'l -.. 1 Ijbl. eltectisr- coiitol Systemls, thle
riinl1 0%1lratiilr And conrtrol iniple.

Itii-,r- ~~~ ~ ~ N i-ari 'i!s is l'is he iriht ,,t des-Cjip S -s-
ci p'i.io1,1 iaid.inlce 'SA-4IRI', %%ork in this

)!Is rleadN led to coinstructiiin of a prototype

.~, .- .I *. 11T lIt' . 'itiil panel Ahich is bering tested arid
Sit' I?. ~ i - S* H ~ i. ..., Ii, d



4 SUMMARY OF RESEARCH are not fully understood. Both simulation and experi-
TO BE COMPLETED mental research will be conducted to give direction on

commissioning of control systems (setting the pro-
portional and integral gain constant) so that the

The component evaluation research will comprise systems will operate stably under a wide variety of
a number of important experiments. For example, if loads.
electronic controls are to be used more often, it is
important to characterize the performance of elec- Another problem area is the control of steam
tronic-to-pneumatic transducers and begin to under- converters and small boilers. Steam is particularly
stand how to specify accuracy and reliability. Also, it hard to control because a small amount of steam, when
is necessary to more fully evaluate the performance of condensed, releases a large amount of heat. Further-
pneumatic control equipment for those small systems more, resetting water temperatures with outdoor-air
where complete retrofit may not be cost-effective, temperature may be desirable in many applications to
Another important area of component evaluation improve the stability of the system and its energy
research is assessing the performance of air-flow efficiency. Reliable schemes for controlling steam
control components. Variable air volume (VAV) converters and small boilers will be investigated.
boxes are an important part of the retrofit concept.
Also, the characteristics of outdoor- and return-air In the area of systems applications, research will
dampers will be investigated to be certain that mixed- continue on the interaction of the various loops in the
air control loops can be implemented without dif- HVAC system. The results will ensure that proposed
ficulty and to assess the potential for freeze damage designs will be stable under wide-ranging field
caused by cold air leakage in cold climates, conditions.

Modern electronic controllers must also be fully Demonstration programs like those currently plan-
assessed. Additional experiments will be conducted ned for several Army and Air Force installations will
on drift, accuracy, and reliability so that test pro- be done to show that new control strategies and
cedures can be defined and included as part of future control equipment can be implemented easily. Finally,
guide specifications. training programs, system application guides, and

training aids will be developed for rapid transfer of
One portion of the research will involve establishing these technologies to the field.

the characteristics of electronic actuators for valves
and dampers. This will determine whether these
devices can be applied in small-scale systems where 5
pneumatic compressors would be prohibitively 5 MODE OF TECHNOLOGY TRANSFER
expensive.

To ensure the earliest possible implementation of
In the general area of control loop implementation, research results, USA-CERL hopes to foster a shared

experimental research will be done to verify control technology transfer program involving researchers, field
concepts for variable-volume fans. The characteristics users, manufacturers, trainers, and policy-makers. It
of the sensors, the PI loop, and the fan system will be will require several years to complete the research
carefully defined to avoid potential instabilities, needed to solve most of the control problems ex-

perienced by the field. However, all the work need
The dynamics of room temperature control will not be completed before products are transferred to

also be explored. While room temperature control is the field. For example, information on solutions to
fundamental to HVAC system design, very little office system control can be made available, even
experimental or theoretical analysis has been done to though hospital control problems are not yet solved.
establish how closely room temperature can be con- Research products will be introduced to the field in
trolled, what the dynaniics of room temperature phases. This approach has the dual advantage of pro-
control are, how to design and place thermostats and viding information to the field at the earliest possible
thermostat enclosures, and how to ensure that rooms date while allowing field users a way to provide feed-
are controlled with an acceptable level of comfort. back on the solution's effectiveness.

Research will continue on the control of heating Part of the technology transfer plan is to dissemin-
and cooling coils, since even these simple control loops ate information through the usual mechanisms: for

. .. .I
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example, Engineer Technical Notes, Engineer Technical needed to further refine them. The demonstration pro-
Letters, revisions to technical manuals and guide gram will also allow potential users to view the products
specifications, and technical reports. However, these in field use and thus prepare for their implementation
mechanisms can often be time-consuming, delaying on a large scale at Army installations.
the transfer of the information to the field, and they
do not provide the beneficial face-to-face contact Use of the current research products involves the
between researchers and in-field users. Therefore, USA- use of some control components and concepts which
CERL is forming a users group made up of represent- may be unfamiliar to potential field users. To help
atives from installations, major commands, Districts, these users, USA-CERL has designed and built several
and OCE. This group will provide guidance to ensure training aids. These aids consist of apparatus with
that USA-CERL's research products are responsive to appropriate gauges and instruments that show how the
field needs by viewing directly the hardware and components work. This type of training aid can be
control schemes being developed. They will also help used to instruct users in control operations methods
ensure that research results and recommendations (for example, selecting the settings for a controller
reach the field practitioners who need them most. with proportional plus interval modes of control).

The training aids are also valuable for demonstrating
Long-term technology transfer will be assured if the research products to Army leaders and showing

new control concepts are adopted as standard en- them the principles on which they were designed. They
gineering practice. To help foster acceptance of the can then use this information to successfully imple-
research on HVAC controls, USA-CERL has been ment the products in the field. Four such aids are close
actively working with engineers from the private to completion: (1) a prototype of a versatile retrofit
sector, specifically research and sales representatives control panel, (2) a VAV box for controlling air flow
from most of the major control companies. In ad- to a room, (3) a proportional plus interval (PI) loop
dition, USA-CERL has established an informal in- controller applicable to modern electronic controllers,
dustry advisory group to foster a continuing liaison and (4) a static pressure control for variable air volume
with the control industry. The goal is to ensure that fans. As the research progresses, USA-CERL will
the type of retrofit control systems which evolve explore other possibilities for training aids, collabor-
from research can be procured from control system ating with Huntsville Division, where the units may
manufacturers. USA-CERL hopes to persuade the ultimately be used in training courses.
industry to aggressively market more energy-efficient
and reliable components and control schemes.

Laboratory personnel are also enhancing technology CONCLUSIONS OF

transfer by actively participating ir, engineering

societies, serving on technical committees dealing with
control systems, presenting papers on research results, Preliminary findings from research to date have led
and helping edit the ASHRAE Handbook6 sections to a number of conclusions which should impact
dealing with controls. Researchers are also teaching current design and maintenance practice:*
"continuing education" for courses on controls offered
practicing engineers by ASHRAE, the University of I. Many HVAC systems are probably not perform-
Wisconsin, and the University of Illinois. As a result, ing as designed.
USA-CERL's research results will impact both private-
and public-sector engineering practice immediately. 2. Pneumatic temperature control equipment is not

very accurate.
Another part of the technology transfer process is

a demonstration program of control research products 3. When possible, pneumatic, rather than electronic,
which began in FY84 and will continue through FY87. actuators should be used since they are cheaper and
The research products will be demonstrated in phases require less maintenance.
in cooperation with members of the users group; this
will allow the products to be fully evaluated in a field *The experimental work leading to these conclusions and
environment, with the results providing the feedback detailed instructions for implementing prototype retrofit

control systems are described in the USACERL Draft Tech-
nical Report, Identification of HVAC Control System Prob.

6Handbook Series of the American Society of Heating, lems for the Development of Retrofit Procedures in Military
Refrigerating, and A ir-Conditioning Engineers (ASHRAE). Buildings.
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4. Thermistor temperature detectors are inappro- 7. The prototype retrofit control panel developed
priate for IIVAC applications because they must be at USA-CERL emphasizes simplicity, reliability.
calibrated so often. maintainability, accuracy, appropriate use of P1,

higher-quality components, and the use of standard
5. Humidity sensors are prone to rapid drift and dif- sensors and signals as a means to achieve reliability

ficult to calibrate in the field. This makes implement- and cost savings.
ation of enthalpy economy cycles almost impossible.

6. The performance of control systems has an 8. Significant energy costs savings can be expected
important impact on HVAC operating costs. The use by using the prototype control panel scheme on VAV
of proportional-plus-integral control schemes can systems and on multizone and reheat systems con-
provide significant operating cost savings over con- verted to variable air volume systems; maintenance
ventional control schemes. costs should also be reduced.

II



APPENDIX:

Theory Meets Practice In A
Full-Scale Heating, Ventilating And
Air-Conditioning Laboratory
Experiments performed at the Construction Engineering Research Laboratory
(CERL) on a full-scale HVAC system produce results having an immediate, practical
bearing on the design of new HVAC systems and on retrofit of existing systems.

DOUGLAS C. HITTLE
Member ASHRAE

WILLIAM H. DOLAN
Member ASHRAE
DONALD J. LEVERENZ
Member ASHRAE

RICHARD RUNDUS

[Reprinted with permission from the ASHRAE Journal, Vol. 24, No. 11.]

This article describes selected results (CERL) in Champaign, Illinois. The sys- of the main fan, and the fan is
from experiments performed at the tern consists of four spaces or rooms equipped with variable inlet guide
Construction Engineering Research and an air-handling system served by a vanes to control capacity. The system
Laboratory (CERL) on a full-scale boiler and chiller. Each zone is is configured so that varying amounts
heating, ventilating, and air-condition- equipped with two fan coil units and a of outdoor air (up to 100 percent) can
ing system. More than 100 experi- supply and return air-duct system. The be introduced. In addition, an outdoor
ments were performed on variable zones are each 4.6 x 3 x 3 meters air simulator is provided on a branch of
volume systems, terminal reheat sys- high. Construction is typical stud wall a duct leading from the outdoors; thus,
terns, dual-duct variable air volume with interior gypsum board and ex- outdoor air can be conditioned to emu-
systems, dual-duct constant volume terior plywood siding. late summer during the winter or win-
systems, packaged direct expansion Walls are fully insulated; a vapor ter during the summer. The researcher
systems, and fan coil units. I Results barrier was attached to the outer sur- then does not have to depend on the
from some of these experiments may face of the four zones before surface outdoor climate to provide a source of
have immediate, practical bearing on paneling was applied. Access to the outdoor air at a specified condition.
the design of new HVAC systems and zones is through well-sealed panels. The duct system delivering air
on retrofit of existing systems. These By using heavy insulation between from the air handler to each zone is
experimental results are discussed, zones and by maintaining the zone designed to operate at constant or
along with problems encountered in temperatures at or about the same variable volume in either a dual-duct or
the commissioning of the HVAC sys- temperature as the surrounding build- single-duct mode. A terminal reheat
tern laboratory. ing which houses the experiment, heat coil is installed in the duct just before

In the following presentation, the transfer between zones and between the air is delivered to the zone (Fig. 2).
experiment and its instrumentation are the zones and the surrounding environ- Hot water is supplied to the main
described and the measured perfor- ment is negligible, air handler coil, reheat coil, heating
mance of the following components A built-up air handler provides coil in the outdoor air simulator, and
and systems are discussed: (1) control conditioned air at a regulated tempera- the fan coil units in each zone, using a
of fan inlet guide vanes, (2) variable air ture to meet the heating and cooling boiler and a steam-to-hot-water con-
volume temperature controller, (3) vol- loads required in each zone. Loads verter. The overall design capacity of
ume regulators on VAV boxes, (4) can be imposed on the zones by con- the boiler system is 73 kW.
pneumatic temperature transmitters, trolling the amount of heating or cool- A nominal 70 kW (20-ton) capaci-
(5) receiver/controllers, (6) enthalpy ing performed by the two fan coil units ty chiller provides system cooling. The
economy cycle logic, and (7) humidity placed in each zone. The fan coil units four-cylinder reciprocating compres-
transmitters. Commissioning problems were designed to supply a maximum of sor on the chiller is fitted with three-
associated with the main fan, the inlet about 10.5 kW of heating or cooling, stage cylinder unloaders. The chiller
guide vanes, the duct pressure trans- The main air-handling unit is a rejects heat to a 105 kW capacity cool-
mitter, the VAV boxes, the chiller, and conventional two-deck blow-through Ing tower with capacity control.
the boiler are also described, unit with forward-curved fan blades de-

signed to deliver up to three cm/s of InlibumenlltsUn
air. Appropriately sized heating and A full complement of Instruments was

NDER the sponsorship of the U.S. cooling coils are placed downstream installed throughout the HVAC test fa-U Department of Energy and the cility. Measurements were required
Army Corps of Engineers, a full-scale D C Hiftle. team lead.,. W H Dolan. principal in- for: (1) water temperature, (2) air tem-
HVAC test facility was constructed vest"gator, o J Leverenz. team leader, and R perature, (3) water flow, (4) air flow, (5)

Rundus. researcher. are all with the EnergyInside a high bay at the Construction Systems Division of the Construction Engin erng electric power, (6) differential pres-
Engineering Research Laboratory Research Laooratory (CERL). Chamrpign. IL sure, and (7) relative humidity. Tern-
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peratures are measured using four- put voltage ranging from 0 to 150 mV, proach has been particularly valuable
wire, calibrated platinum probes. Term proportional to relative humidity. Data for saving time and labor.
perature measurement accuracy of is logged with a microcomputer-con-
± .05°C was obtained by using the trolled scanning digital voltmeter. Results
four-wire probes, which eliminated the An important feature of the HVAC One of the subsystems tested was the
effects of lead wire resistance, and by test facility is that its instrumentation static pressure control systems on
carrying out exacting calibration ex- is sufficient to carry out energy balan- a fan equipped with inlet guide-vane
periments. ces on several streams simultaneous- flow control. The fan tested was a .4-

Both air- and water-flow measure- ly. For example, the air stream energy meter-diameter, forward curve, cen-
ments are made using venturis in the can be calculated by measuring the trifugal fan, equipped with inlet guide
flow streams. Pressure taps at the in- entering air temperature, air volume vanes. Initially, the speed was set by
let and at the throats of the venturis flow rate, and return air temperature of means of an adjustable pulley to bring
are connected to transducers; output the air being supplied to a zone. Simi- the fan's capacity to three cm/s at 590
is a DC voltage. Tees were also in- larly, by measuring water flows and kp. Two automatic inlet vane control-
serted in the lines to connect the ven- temperatures, the amount of energy lers were tested: a conventional pneu-
turis to control panel manometers. being added to the zone by the heating matic proportional control and a high-
Each water-flow venturi was bench- or cooling fan coil unit can be deter- gain, low-pass, electronic control
tested four times before installation to mined; the two numbers can then be scheme.
obtain its average coefficient. The compared to determine if there are The pneumatic proportional con-
large air-flow venturis were calibrated any sensor calibration errors or mal- trol had a differential pressure trans-
using hot wire annometer traverses in functions. These types of energy bal- mitter, a pneumatic actuator fixed to
the throat of each venturi. (Note that ances can be performed for each zone the inlet vane control shaft, and a re-
the air-flow venturis are so large that and for the system as a whole. By cal- ceiver controller with adjustable gain
their performance is nearly theoreti- culating these energy balances with and offset. The receiver/controller re-
cal.) the microcomputer, which is simulta- ceived inputs from the differential

Electrical power is measured with neously collecting data from the sys- pressure transmitter and from a set
watt transducers fed by appropriately tem, consistency checks can be per- point pressure source, and provided
placed potential and current trans- formed "on the fly," and any defective an output signal to the pneumatic actu-
formers. Relative humidity is mea- or out-of-calibration sensor can be re- ator controlling the inlet guide vanes.
sured using thin-film capacitance hu- paired before proceeding to collect ac- The second type of controller had
midity probes which produced an out- curate experimental data. This ap- the same pneumatic transmitter, as

-

Vi

Figure CERL's HVAC experimental facility
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well as a pneumatic-to-electric trans- thermostat pressure to the pressure practical conclusion that can be drawn
ducer that provided an electric signal differential of the pitot tube in the VAV from this test of pneumatic tempera-
to an amplifier circuit which had high box. Second, as the zone air tempera- ture transmitters is that field adjust-
gain at low frequency and low gain at ture increases, the temperature dif- ment is probably required, even
high frequency. This output from the ference between the supply air and the though factory calibration is claimed
amplifier was supplied to an electric- zone air temperature increases (as- by the manufacturer
to-pneumatic transducer, which provi- suming constant delivery air tempera- In other tests. six fluidic receiv-
ded the control signal to the pneumatic ture), thus increasing the cooling ef- ers/controllers were calibrated, and
actuator fixed to the inlet vane Control fect. the various gains and set points were
shaft. The pressure volume regulators documented. One week after the initial

The distinction between the two on the VAV boxes were also exam- calibration, the state of each control
control schemes is that the conven- ined separately. The input range to the device was investigated. Testing was
tional pneumatic device has an essen- pressure volume regulators is nominal- accomplished by disconnecting the re-
tially constant gain, irrespective of the ly 55 to 89 kPa. However, this pressure ceiver/controllers from input signals
frequency with which changes in the range was found to be inexact. Several (i.e., temperature transmitters) and
error signal (difference between sens- pressure volume regulators did not re- providing a manually adjusted pres-
ed duct pressure and set point pres- spond until inputs exceeded 62 kPa, sure source as input. Mercury manom-
sure) being sensed occur. On the other while several others responded to in- eters were used to measure the pres-
hand, the electronic device has very puts as low as 48 kPa. Since each VAV sure of the input and output ports of
high gain for slowly changing signals, box has a pressure volume regulator, the receiver, and the output pressure
but very low gain for rapidly oscillating this lack of precision can cause prob- was recorded for various input pres-
signals. By virtue of the high low- fre- lems when the thermostat is used to sures. These test results are given in
quency gain and low high-frequency control two pressure volume regula- Table 1.
gain, steady-state error can be reduc- tors, as in a dual-duct VAV system, or Unfortunately, all six receiv-
ed without causing control instability, when a single-duct VAV system is er!controllers experienced severe
Figure 3 shows the circuit for this sir- equipped with a reheat coil. problems. Drifting off calibration oc-
pie amplifier. For example, in the dual-duct VAV curred often in less than 72 hours. In

Figures 4 and 5 give the results of system, one zone thermostat is used fact, receiver/controllers were calibra-
tests for these two control schemes. to control two pressure-volume regula- ted daily so that testing of other corn-
Figure 4 shows how the duct pressure tors sequentially. In this application, ponents in the system could continue.
increases substantially under part load the thermostat signal for the dual-duct What is particularly disturbing about
when the pneumatic receiver/control- box is piped directly to the pressure- the results of this test is that if receiv-
ler is used, as compared to almost no volume regulator used for cooling, and er/controllers like the ones tested had
increase in pressure when the elec- the signal is inverted and offset prior to been placed in a field system, the heat-
tronic device is used. Figure 5 shows being connected to the pressure-vol- ing and cooling coil valves they con-
the dramatic improvement in the part ume regulator used for heating. If one trolled probably would have remained
load power consumption of the tan pressure volume regulator operates open for the life of the system, unless
with the electronic high-gain, low-pass between 48 and 82 kPa and the other the controllers were calibrated daily.
amplifier. This change is caused by the from 62 to 96 kPa, more chilled air will Another control subsystem that
ability of the control system to main- blend with the heated air than is ne- failed was the enthalpy economy cy-
tain the set point pressure by regulat- cessary or intended by the system de- cle control logic. This device has four
ing the inlet guide vanes. Notice that signer. This can substantially waste pneumatic inputs: outdoor air temper-
the conventional pneumatic controller energy. ature, outdoor air relative humidity,
performs only slightly better than a dis- In a similar configuration using a return air temperature, and return air
charge damper system. single-duct VAV.with reheat, imprecise relative humidity. It is intended to allow

Tests were also performed on the response of the pressure-volume regu- appropriate amounts of outdoor air to
variable air volume (VAV) zone tem- lators can allow the reheat coil to be introduced at the mixing box if the
perature controller to determine the begin to add heat before the VAV box outdoor air has a lower enthalpy than
relationship between room tempera- has been closed to its minimum posi- the return air. Four cases were tested.
ture and the amount of cooling de- tion. While it was simple enough to The testing was done by controlling
livered to the room. Results are shown make adjustments to preclude ineffi- the pneumatic inputs to the device and
in Figure 6. Figure 7 shows the pneu- ciency during these lab experiments, observing the output, thus eliminating
matic volume regulator control con- such imprecisions may not be detec- errors caused by humidity and temper-
figuration used for the variable volume ted in the field, so the controls may ature transmitters. Table 2 provid-s
boxes tested. Note from Figure 6 that operate below optimum efficiency, the test results. Note that in two of the
there is an approximately straight-line Figure 8 shows another important four cases, the wrong choice was
relationship between zone tempera- result. Here, the pneumatic tempera- made between outdoor air and return
ture and the amount of cooling deliv- ture transmitters were tested as re- air.
ered to the zone (a straight-line rela- ceived. Of the five temperature trans- Another serious shortcoming was
tionship is frequently assumed in simu- mitters, two performed roughly as ex- the accuracy of the humidity transmit-
lating the cooling system in a room). pected. For the other three, the gain ters. For example, in an environment

This straight-line relationship, andlor the set point had to be adjusted measured to be 62 percent relative hu-
however, arises from the combination to bring the temperature transmitters midity, the output of three pneumatic
of nonlinear effects. First, as zone within the expected performance humidity transmitters tested was 63
temperature increases, the rate of range. For example, Figure 8b shows a percent, 88 percent, and 96 percent
cold air increases proportionally to the transmitter in which both the gain and Hence, even if the enthalpy logic de-
square root of the increasing tempera- the set point require adjustment vice had performed satisfactorily, in-
ture. This is caused by the perfor- Figure 8e shows a case in which the put humidity measurements to the de-
mance of the VAV box which positions gain adjustment is nearly correct, but vice would probably be so unrealistic
the cooling air damper to match the set point adjustment is required. A that improper control would result
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In addition to the problems iden- than 20 percent efficient, even with the ditions. The principal reasons for the
tified in the tests described above, a guide vanes wide open. The fan was a poor performance were: (1) the design
number at start-up problems were dis- backward incline-type centrifugal of the inlet guide vanes greatly re-
covered. fan-the type least suited for VAV ser- duced the tan inlet area when they

The original fan supplied for the vice because it provides poor power were in the wide open position, and (2)
air-handling unit was found to be less savings under dampered air-flow con- the way one of the two fan bearings
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was positioned and supported at the setting, one of two solenoids in the suggest that the theoretical improve-
fan inlet furthe, reduced the fan inlet compressor head never worked pro- ments may be difficult to achieve in
area. perly. This solenoid was designed to the field.

Since the original fan did not unload one of the four cylinders. Since The measured performance of
meet the 50 percent efficiency speci- the chiller was fully instrumented, both many of the HVAC system compo-
fied, CERL required that the manu- problems were identified quickly: how- nents tested did not meet the manu-
facturer replace the fan. The substi- ever, it is doubtful whether either facturer's specifications as delivered.
tute was a forward-curved blade fan would have been discovered in a typi- For much of the equipment, efficient
with a significantly improved mecha- cal field installation. The result would performance was achieved only after
nism for inlet vane control. Under have been poor chiller performance field adjustment.
similar testing conditions, the new fan over the life of the system. Many, if not all, of the problems
gave 44 percent efficiency at its best The boiler used for CERL's HVAC detected by the heavily instrumented
operating point. However, a problem experiment was tested and measured HVAC system experiments would be
was experienced when half of the inlet to be 78 percent efficient at full load. undetected in a field application where
guide vane linkages became uncou- This was very close to the nameplate there is little or no instrumentation.
pled from the control shaft, causing efficiency of 80 percent. However, the If deficiencies like the ones CERL
the inlet vanes to remain closed on maximum output capacity was mea- encountered were undetected for the
one side of the fan. As expected, the sured at 73 kW, even though the boiler life of the system, much more energy
fan capacity dramatically decreased. nameplate claimed that the unit had a would be used than was intended.

Without careful inspection and capacity of 105 kW. On the matter of recommenda-
perhaps some field measurement, the The VAV boxes were installed tions, complex control systems proba-
poor performance of the original fan complete with pressure-volume regu- bly should not be used unless regular,
might have been undetected over the lator devices that modulated the box to skilled maintenance is available. Func-
service life of the system. Similarly, match the rate of supply air to the ther- tion indicators should be part of a cen-
the failure of half of the inlet guide mostat signal. The pressure-volume tral system control panel to facilitate
vanes could also go undetected unless regulators were intended to eliminate maintenance and to allow control com-
the fan system was inspected fre- changes in air flows if the duct pres- ponent failures tobe identified quickly.
quently. sure fluctuated. Of the eight pressure- Because as-received HVAC corn-

Pressure transmitters were used volume regulators supplied with the ponents may not perform as specified
to sense duct pressure and control the boxes, two were totally inoperative without field adjustment, performance-
inlet vanes on the fan, described previ- and were replaced under warranty. indicating meters (flow meters, ther-
ously. However, the first two pressure However, all eight pressure-volume mometers, power meters, etc.) should
transmitters supplied were inoperative regulators were installed vertically. It be used to test and adjust equipment
and had to be replaced. The third was only after it was determined that in the field. Provision for temporary or
transmitter, while it did not perform up they would not regulate the flow below permanent installation of these meters
to catalog specifications, was func- 30 percent of maximum rate that the is required, and field performance
tional and was used. manufacturers were contacted to de- tests are essential if poor system effi-

The reverse acting accumulators, termine the cause of the malfunction. ciencies are to be avoided.
which were used to control the two After contacting the original equip- More research and development
VAV boxes in sequence in the dual- ment manufacturer who supplied the is needed to improve the reliability and
duct variable air volume configuration pressure-volume regulator to the con- maintainability of HVAC components
or the single-duct VAV box and reheat trol company which supplied the unit and systems.
coil, drifted significantly. This malfunc- to the VAV manufacturer, it was found
tion would go undetected in almost any that the device had gravity-actuated Future research at test facility
field system, resulting in an excessive components and would function cor- Because of the difficulties en-
blending of warm and chilled air or an rectly only if mounted horizontally, countered in installing and maintaining
excessive use of reheat energy. This horizontal mounting requirement the pneumatic control system used at

The 70 kW chiller used in CERL's was not specified in any of the in- the HVAC test facility, future labora-
HVAC experiment was supplied ready stalled instructions or in the catalog, tory work at the CERL facility will focus
for operation. It required only the con- Consequently, if the unit had been on testing many different types of con-
nection of electric lines, chilled water mounted in the field, the problem trol systems and components. Work is
piping connections and condenser wa- might have been undetected for the underway to test additional pneumatic
ter piping to the cooling tower. As in- life of the system, and electronic components to deter-
stalled, however, the unit performed at mine the dynamic and steady-state
less than 80 percent of the catalog co- Conclusionslrecommendations performance of control components
efficient of performance. This poor The results of some of the tests per- and systems. This evaluation will de-
performance was traced to the im- formed at the HVAC test facility have termine which types of control compo-
proper setting of the refrigerant expan- important implications to HVAC sys- nents and systems can be expected to
sion valve. The superheat of the unit as tem designers. These conclusions perform in the field with minimal main-
supplied was about 140C, while the must be drawn somewhat tentatively, tenance and high reliability. In addi-
manufacturer recommended about since only one manufacturer's product tion, field surveys will be performed to
30C. This discrepancy in the superheat was tested for each case. However, determine the reliability and the func-
setting was particularly unexpected the products were supplied by manu- tionality of control systems on "real
since the manufacturer advertised facturers who have a large share of world" HVAC systems.
that the unit was bench-tested and ad- the HVAC market.
justed at the factory. However, con- Apparently, relatively complex 1. William Dolan. Validation Data for
tact with the factory revealed that the control systems of the type tested are Mechanical System Algorithms Used in
bench-testing and factory adjustment difficult to maintain. While these sys- Building Energy Analysis Programs. Techni-
were not begun until after the CERL tems can theoretically improve system cal Report E-177 (U S. Army Construction
unit was manufactured and shipped. efficiency, poor performance and fail- Engineering Research Laboratory. Febru-

In addition to the poor superheat ure of control system components ary 1982) : i..

ASHRAE JOURNAL November 1982 17



CEKL DISTRIBUTION

Chief of Engtieers PNStn:. - Zh. Inst. Div.
ArN: Tech Monitor Ar-". Fl e l1ngi.er (1)

ATTN: OAEN-ASI-L (2)
ATTN: DAZN-CCP 4Dd
A1TN: DAEN-CW ..!TN: (3)
ATTN: DAEN-CWE
ATTN: DAEN-CdWl-9 fr
ATTN: OAEN-CWO ArIN: 4TMC-SA 20311
ArTN: I)AEN-CWP ATTN; FAciittir Ein3wer I1)
.\%"N: UAEN-I("
ArTI: )AEN-V.CC NARADCC. ATTN: )Rr')A-T' )1 ',0
ATTrN: DAL'N-F:CK

A.TN: )JA-ICF TARCOM. Fic. Div. imQ)

ArTN: OAE-ECR
A TN: I)AEN-RD TRADX "

Al"TN: OAEN-KDC HQ, TKAD )C, ATTN: ATiN-DEH

ATTN: DAN-RDN ATTN: .)EH (19)

ATTN: DAEN-RM
ATTN: DAEN-ZCZ TSARCOM, ATTN: STSAS-F 63120

ATTN: DAEN-ZCEU
ATTN: DAEH-ZCI USACC

ATTN: DAEN-ZCM ATTN: Facilities Engtneer (2)

FESA, ATTr: Library 22060 /hSTCOM
%TTN: DIEr ILI 79906 k.,TN: DEN

Fort Shafter 9h85

Army Engineer DO.sricts ATTN: APE%-IM

ATTN: Library (41) SHAPE 090'5

IS Army Engineer Divisions ATTN: Survivability Section, CCR-OPS

ATTN: Librarv (14) infrastructure $ranch, LANOA

US Army Europe HQ USEUCON 09128

AEAEN-ODCS/Engr 09403 ATTrN: ECJ 4/7-LOE

ISAE 09081
V Corps Fort Belvoir, VA 22060 (7)

ATTN: DER (1I) ATTN: Canadian Liaison Officer

'TI Corps ATTN: Water Resources Support Center

ATTN: DEN (15) AMlN: Enor Studies Center

21st Support Command ATI1: gngr Topographic Lab

ATTN: DER (12) ATTh: ATZA-OTE-S

USA Berlin ATTN. ATZA-M-EM

ATTN: DER (11) ATTN: B&D Command

USASETAF
ATT : DEN (10) CUlEL, ATMN: Library 03755

Allied Command Europe (ACE)
ATTN: DEN (3) WES, ATTN: Library 39180

8th USA, Korea (19) HQ, XV11I Airborne Corps and
Ft. Brags 28307

ROK!US Combined Forces Command 96301 ATTN: AFZA-FE-EK
ATTN: EUSA-HHC-CFC/Engr Chanute APS, EL 61668

3345 CES/OE, Stop 27
USA Japan (USARJ)

ATTN: AJEN-rE 96343 Morton AFB CA 92409
ATTN: DEN-Honshu 96343 ATTN: AMRCE-IX/DEE
ATTN: DEII-Okinava 96331

Tyndall AF1, FL 32403
Area Engineer, AEDC-Area Office AflSC/SnainertnS & Service Lab
Arnnld Air Force Station, TN 37389

NAFAC
416th Engineer Command 60623 ATTN: gDT&E Liaison Office (6)

ATTN: Facilities Engineer ATTN: Sr. Tech. FAC-03T 22332
ATTN: Asst. CDR R&D, FAC-03 22332

US Military Academy 10966
ATTN: Facilities Engineer
ATTN: Dept of Geography A NCKL 93041

Computer Science ATTN: Library (Code LO8A)
ATTN: DSCPER/MARN-A

Defense Technical Info. Center 22314
ANIRC, ATTN: 03201-WE 02172 ATTN: ODA (12)

USA ARWCOM 61299 Engineering Societies Library
ATTNl: ORCIS-RI-! Now York, NY 10017
ATYN: DUSAR-IS National Guard Bureau 20310

DARCON - Dir., Inst.. 4 Svcs. Installation Division
ATTN: DER (23)

US Government Printing Office 22304

DEA ATI'N: DLA-WI 22314 Recetvtn Section/Depository Copies (2)

ONA ATTN: IADS 20305 US Army Env. Hygiene Agency
ATTN: IISHB-E 21010

FORSCOM
FOSCr)M Engineer, ATlTN: AFEN-DEH National Bureau of Standards 20760
ATTN: DEN (23)

NSC
ATTN: NSLO-F 78234
ATTN: Facilitieo Engineer 303

Fitasimons AMC 40240 8/6/84
Walter Reed AMC 20012



Hittle, Douglas C.
Summary of USA-CERL research on control of heating, ventilating, and

air-conditioning systems / by Douglas C. Hittle. David L. Johnson. --
Champaign, Ill : Construction Engineering Research Laboratory. 1984.

17 p. (Special report / Construction Engineering Research Laboratory
E-197)

1. Heating control research. 2. Air conditioning control research.
3. Ventilation control research. I. Johnson, David L. 11. Title.
III. Series: Special report (Construction Engineering Research Laboratory)

E-197.



4


